Abstract On 12 May 2008, the M w 7.9 Wenchuan earthquake ruptured two northeast-striking imbricated reverse faults and one northwest-striking reverse fault along the middle Longmen Shan thrust belt, at the eastern margin of the Tibetan plateau. The morphology of the coseismic scarp varies drastically along strike. We distinguish eight different categories: (1) simple thrust scarp, (2) hanging-wall collapse scarp, (3) simple pressure ridge, (4) dextral pressure ridge, (5) fault-related fold scarp, (6) backthrust pressure ridge, (7) local normal fault scarp, and (8) pavement suprathrust scarp. The coseismic surface ruptures confirm that the Wenchuan earthquake is dominated by reverse faulting with some right-lateral component that varies from site to site. The surface rupture can be divided into two parts, the Yingxiu segment and the Beichuan segment. When the earthquake is split into two subevents accordingly, they correspond to an M w 7.8 event and an M w 7.6 event, respectively. These two segments can in turn be divided into four second-order subsegments, which are equivalent to four subevents of M w 7.5, M w 7.7, M w 7.0, and M w 7.5, respectively. The segmentation of the rupture is consistent with a cascading-rupture pattern, responsible for the total 110 s of the earthquake rupture. In addition to surface ruptures, the focal mechanisms determined for the aftershocks recorded by the local seismic network are used to constrain the fault geometry of the subsegments. They show that the dip of the fault responsible for the earthquake varies along strike, and the fault tends to flatten at depth. In addition, the fault plane gets steeper northward, enabling the fault to accommodate a larger strike-slip component along a lateral ramp. This major earthquake confirms that crustal shortening could be the main driving force for the growth of high topography along the eastern margin of the Tibetan Plateau and that lower crustal flow is not required.
Introduction
At 14:27:57.097 local time (06:27:57.097 UTC) on 12 May 2008, the M w 7.9 Wenchuan earthquake occurred in the Longmen Shan, along the eastern margin of the Tibetan Plateau (Fig. 1) . This large earthquake was the most devastating earthquake in China during the past 30 years (Li, Yuan, et al., 2008; Li, Zhou, Yu, et al., 2008; Xu, Wen, et al. 2009 ). Many research teams conducted field investigations immediately after the Wenchuan earthquake and a large amount of data has been collected, such as coseismic offset measurements and the surface-rupture geometry Fu et al., 2008; Li, Fu, et al., 2008; Liu et al., 2008; Li, Zhou, Densmore, et al., 2008 ; Chen, Xu, et al., 2009; Lin et al., 2009; Hao et al., 2009; Xu, Wen, et al., 2009; . Fewer teams, however, have addressed the details of the fault-scarp features, despite the fact that such morphology not only reflects the instantaneous deformation, but also gives some insights on the geometry of the fault at depth and its possible segmentation (Yeats et al., 1997; Klinger et al., 2005; Xu et al., 2006 , Xu, Wen, et al., 2009 Lin et al., 2009) .
In this paper, after a brief overview of the major active fault systems in the Longmen Shan region, we document typical surface-rupture features produced by the Wenchuan earthquake. Then we discuss the fault segmentation and the fault geometry, based on field observations and the analysis of the focal mechanisms for the 2020 aftershocks recorded by the local network (Ⓔ see Table S1 in the electronic supplement to this paper). Our results provide evidence for a cascading-rupture model in which several segments slipped in series, resulting in a major earthquake lasting more than 110 s. Finally, this event is analyzed in the perspective of the seismic hazard along steep, oblique-thrust fault systems at the eastern margin of the Tibetan Plateau.
Tectonic Setting
The northward convergence of the Indian plate relative to the Eurasia plate, at a velocity of ∼40 mm=yr, is broadly accommodated by the uplift of the Tibetan Plateau and its extrusion eastward along several major strike-slip faults (Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1977; Avouac and Tapponnier, 1993; Tapponnier et al., 2001) . Such motion produces crustal shortening between the Tibetan Plateau and the north and south China blocks to the east (see the inset map in Fig. 1 ). Such crustal shortening results in the formation of thrust faults and foreland basins located along the eastern margin of the Tibetan Plateau, including the 500-km-long Longmen Shan thrust belt between the Bayan Har block and the south China block Royden et al., 1997; Deng, 2007;  Figure 1. Neotectonic setting of the Wenchuan earthquake in and around Longmen Shan. Coarse and fine black lines indicate the major and secondary active faults with strike-slip rate in mm=yr. Gray lines indicate the middle Pleistocene faults and red lines indicate the coseismic surface-rupture zones (Xu, Wen, et al., 2009) . The white, yellow, and pink circles show the relocated aftershocks (Zhu et al., 2008) , the relocated instrumental earthquakes from A.D. 1992 to 2002 (Zhu et al., 2005) , and M > 4:7 historic destructive earthquakes (China Earthquake Administration, 1999), respectively. Arrows represent the section boundaries along the Longmen Shan thrust belt. The inset map shows major tectonic features in Longmen Shan and its vicinity. ATF: Altyn Tagh fault; HF: Haiyuan fault; JLF: Jiali fault; LTB: Longmen Shan thrust belt; NCB: north China block; RRF: Red River fault; SCB: south China block; XF: Xianshuihe fault; XJF: Xiaojiang fault. I: Qaidam-Qilian block; II: Bayan Har block; III: Sichuan-Yunnan block. White arrow indicates block motion direction with GPS horizontal velocities (Shen et al., 2005) . . The Longmen Shan thrust belt strikes approximately N45°E and dips at 50°-75°toward the northwest. The thrust belt is composed of three subparallel imbricated reverse faults, reaching the surface (F1, F2, F3) and a frontal blind thrust fault (F4) (Fig. 1) (Tang and Han, 1993; Chen et al., 2007; Jia et al., 2007; Hubbard and Shaw, 2009; Xu, Wen, et al., 2009) .
According to geologic and geomorphic investigations, the Longmen Shan thrust belt can be divided into three sections from north to south (Fig. 1) . The northern section, east of 105°E, includes the east-northeast-striking Qingchuan fault (QF), the Lin'ansi fault (LF), and the Jiangyou fault (JF). These faults cut through the middle Pleistocene sediments, but are uncomfortably overlain by late Pleistocene and Holocene sediments .
The middle section, between 103°E and 105°E, corresponds to the Wenchuan-Maowen fault (WMF), the Beichuan fault (BF), and the Pengguan fault (PGF) (Fig. 1 ). They are dominated by right-lateral strike-slip motion, with a significant reverse component (Densmore et al., 2007) . The Wenchuan-Maowen fault, striking N45°E, is located on the northwest side of the Pengguan massif. The right-lateral sliprate along this fault is 0:8-1:4 mm=yr since the late Pleistocene, and the vertical slip rate is ∼0:5 mm=yr during the Holocene (Tang and Han, 1993; Ma et al., 2005) . The Beichuan fault, which ruptured during the Wenchuan earthquake, strikes N45°E, and it dips to the northwest at 50°to 60°. This fault is responsible for southeastward thrusting of the Proterozoic Pengguan massif and the upper Paleozoic to the Lower-Middle Triassic strata over the Upper Triassic Xujiahe formation (Li, Gao, Wang et al., 2009) . The vertical slip rate is 0.6 to 1 mm=yr and the right-lateral slip rate is ∼1 mm=yr Ma et al., 2005; Li, Zhou, Densmore, et al., 2006; Densmore et al., 2007) . The Pengguan fault, which partially ruptured during the Wenchuan earthquake, strikes N35°E to N45°E. It dips less than 50°t o the northwest through the Mesozoic strata. The vertical slip rate is estimated to be ∼0:2 mm=yr since the late Pleistocene (Ma et al., 2005) .
The southern section consists of the Gengda-Longdong fault (GLF), the Yanjing-Wulong fault (YWF), and the Dachuan-Shuangshi fault (DSF). The Gengda-Longdong fault strikes N45°E in the Paleozoic strata. Late Quaternary activity for this fault remains unclear. The Yanjing-Wulong fault offsets some terrace deposits of the Xihe River at Baoxing, suggesting that it might have been active during the late Quaternary (Yang et al., 1999) . The Dachuan-Shuangshi fault strikes N43°E and dips to the northwest at 45°to 65°. To its southeast side, there is a broad Mesozoic-Cenozoic basin. On its northwest side are located moderate to high mountains, composed of Paleozoic strata. The fault cuts through the Paleozoic, the Triassic coal-bearing system, and the Cretaceous sandy conglomerates. This fault has been activated during the late Quaternary (Yang et al., 1999) .
The frontal blind fault (F4), as we refer to it here, is an en echelon structure located along the northwest margin of the Chengdu Plain (Fig. 1) . At the surface, only sparsely outcropping secondary faults and southeast-dipping monoclinic structures of the Upper Triassic-Jurassic Xujiahe formation, developed on the hanging wall of the buried faults, can be found. Seismic reflection data reveal, however, that a blind fault exists within the Xujiahe formation, and that the broad anticline, which has developed on the hanging wall of the fault, is a fault-propagating fold .
In summary, the Qingchuan fault, the Lin'anshi fault, and the Jiangyou fault, along the northern section of the Longmen Shan thrust belt, have not been active during the late Quaternary. The Wenchuan-Maowen fault, the Beichuan fault, and the Pengguan fault, to the contrary, along the central section, have all been active structures during the Holocene. Finally, the Yanjing-Wulong fault and the DachuanShuangshi fault, along the southern section, were once active during the late Quaternary, with the exception of the GengdaLongdong fault, for which the activity remains unclear. This late Quaternary fault activity, derived from geologic observations, is in good agreement with the instrumental seismicity and the documented record of destructive earthquakes (Zhu et al., 2005) .
Using a double-difference earthquake relocation algorithm (Waldhauser and Ellsworth, 2000) , 10,215 earthquakes (0:1 < Ml < 4:9), recorded by the Sichuan Seismic Network from 1992 to 2002, have been relocated (Zhu et al., 2005) . These relocated earthquakes are mainly concentrated along the middle section of the Longmen Shan thrust belt. They are also relatively abundant along the southern section, but only a few earthquakes occurred along the northern section (Fig. 1) . Between Anchang and Guangyuan Counties, perpendicular to the Longmen Shan thrust belt, several northweststriking linear clusters of seismicity exist, which separate the southern region that is prone to microseismicity from the northern region, which exhibits only little seismicity. In addition, no historical destructive earthquakes have been documented along the northern section, but a few large and destructive events are known along the central and southern sections in the past 1700 years (Fig. 1) . Therefore, the seismic activity, both historical and instrumental, underscores the fact that the central and southern sections of the Longmen Shan are actively accommodating deformation. The Wenchuan M w 7.9 earthquake occurred along the middle section of the Longmen Shan thrust belt. It ruptured simultaneously both the northeast-striking imbricated Beichuan fault and Pengguan fault, as well as the northwest-striking Xiaoyudong fault, to form a complicated surface-rupture pattern (Fig. 2) (Xu, Wen, et al., 2009) . Field investigations indicate that some fault-scarp features produced by the Wenchuan earthquake are similar to features described for other thrusting earthquakes such as the 1999 Chi-Chi, Taiwan, earthquake (Kelson et al., 2001; Wang et al., 2001) ; the 1988 Armenian earthquake (Philip et al., 1992) ; and the 1980 El Asnam earthquake (Philip and Meghraoui, 1983 ). However, other features are more specific to the Wenchuan earthquake (Xu, Wen, et al., 2009; Lin et al., 2009 ).
Fault-Scarp Features
Field investigations reveal that the surface ruptures produced during the Wenchuan earthquake are of different types (Fig. 2) . The newly formed fault-scarps can be classified into eight different configurations: (1) simple thrust scarp, (2) hanging-wall collapse scarp, (3) simple pressure ridge, (4) dextral pressure ridge, (5) fault-related fold scarp, (6) backthrust pressure ridge, (7) pavement suprathrust scarp, and (8) local normal fault scarp (Fig. 3) . The simple thrust scarp (Fig. 3a) occurred only at the Bajiao Temple (31.14522°N, 103.69189°E), where a 4-m-high thrust scarp, in mudstone, struck N40°E and dipped 76°toward the northwest (Fig. 4a) . On the hanging wall of the newly exposed fault plane, two sets of slickensides raking to the west can be identified. The steeply dipping one has a rake of 75°at the lower part, and turns to 80°upward to crosscut the gentle-dipping one, which has a rake of 32°∼ 46° (Fig. 4b) . Generally, the overhanging part of the newly formed thrust scarp quickly collapsed onto the footwall to form a hangingwall collapse scarp (Figs. 3b, 4c) . Tensile cracks are common in the hanging-wall (Fig. 4d) .
Simple and dextral pressure ridges are widely developed (Fig. 3c,d ). Where such deformation occurred, it is common that near-surface material such as turf, soil, and concrete pavement were dragged along and that it overrided the ground surface on the hanging-wall block (Fig. 4e,f) . Vegetation on the top of the scarp, such as crops and trees, tends to follow the scarp geometry and to be tilted accordingly, to the limit where trees would fall. This forms the so-called drunkard woods (Fig. 4e) .
A fault-related fold scarp describes a scarp formed by folding of near-surface strata in response to a blind reverse fault (Fig. 3e) . For example, the subhorizontal yellowish brown terrace deposits at the northern bank of the Jianjiang River, in the town of Beichuan, were folded toward the southeast, resulting in a 3.1-m-high scarp at the ground surface with no apparent fault. The cement pavement was broken during Figure 2 . Distribution of the active faults along the Longmen Shan thrust belt, aftershocks, synthetic focal mechanisms, and the Wenchuan earthquake surface-rupture zones (red lines), showing segmentation of the earthquake surface-rupture zones. The synthetic focal mechanism for each 10-km-wide strip area is an average one deduced from single aftershock focal mechanisms in the same area (Ⓔ see Table S1 in the electronic supplement to this paper). (Zhu et al., 2008) ; the focal rupture could be as long as 320 km.
the earthquake (Fig. 4g) , and the yellow-colored centerline of the road was offset by 2.4 m right-laterally across the fold scarp.
The backthrust scarp is named for a secondary reverse fault scarp developed on the hanging wall of the main reverse fault scarp with an opposite dip direction (Fig. 3f) . Linear warping occurs in between the main and secondary scarps, and secondary tension cracks, subparallel to the scarp, could develop on the warp.
The pavement suprathrust scarp occurs often where concrete pavement crosses the scarp. It is due to underground thrusting and shortening below a more rigid superficial layer (Figs. 3g, 4h) .
Additionally, local normal fault scarps were also observed for ∼7 km north of the town of Beichuan, and for ∼500 m at the village of Sujiayuan, near the town of Shikan, in Pingwu County (Figs. 3h, 4i, j) . At each site, the northwestern side consists of Cambrian mudstone; the southeastern side consists of Carboniferous limestone and alluvial-fluvial slump deposits (Fig. 5) . During the Wenchuan earthquake, crustal shortening on the reverse fault forced the softer Cambrian mudstone and alluvial-fluvial slump deposits up onto the stronger Carboniferous limestone. Back-tilting occurred at the fault tip, near the ground surface, and a local normal fault scarp was formed (Fig. 5 ).
Fault Segmentation

Along-Strike Variety of Surface Ruptures
The Wenchuan earthquake surface-rupture zone starts at the village of Maliu (30.94472°N, 103.36656°E) in the west, close to the epicenter of the Wenchuan earthquake. The rupture terminates at the village of Donghekou (32.40572°N, 105.11081°E), Qingchuan County (Fig. 2) . Based on variations in slip-distribution and style of deformation, the Wenchuan earthquake surface ruptures could be divided into four distinct subsegments. From west to east we have the (1) Hongkou subsegment (45-km-long), (2) the Longmen subsegment (67-km-long), (3) the Chaping subsegment (22-km-long), and (4) the Nanba subsegment (96-km-long) (Fig. 2) . In the following sections, surface ruptures are described in details for each subsegment.
The Hongkou Subsegment. The Hongkou subsegment, the westernmost part of the Wenchuan surface-rupture zone, exhibits two strands west of Yingxiu. There, the primary strand strikes northeast and the secondary strand strikes east, through Yingxiu (Fig. 2) . These two strands merge into a single fault trace a few kilometers east of Yingxiu. From there on, the subsegment strikes 42°N 5°E and dips to the northwest at 66° 10°. The surface ruptures on this subsegment include fault-related fold scarps, hanging-wall collapse scarps, and a simple thrust scarp at the Bajiao Temple (Fig. 4a,b,c,d ). This is the only site where we can observe a simple thrust scarp along the Wenchuan earthquake surface rupture. This scarp lasted only 1 month, and then it collapsed. Using a total station and a 3D laser scanner across the N50°E-striking hanging-wall collapse scarp at Dengcaoping (31.10472°N, 103.62225°E), we measured a coseismic vertical offset of 6:2 0:5 m (No. 28 in Table 1 , Fig. 6 ). Near this site, a 5 m vertical offset is measured across a fault-related fold scarp at Shenxigou (No. 18 in Table 1 , Fig. 6 ). In addition, right-lateral slip component has been observed at several sites, such as at the village of Shenxigou, where a right-lateral offset of 4.5 m and a vertical offset of 2.7 m have been documented (No. 22 in Table 1 , Fig. 6 ). Therefore, the Hongkou subsegment is dominated by reverse deformation with a smaller component of rightlateral motion. Along this subsegment, the average vertical offset is ∼3 m, and the horizontal offset is usually less than 1 m (Fig. 6 ).
The Longmen Subsegment. The Longmen subsegment extends from 103.7°E to 104.2°E. It is located at an alpine valley area in the Longmen Shan region. This subsegment consists of two subparallel branches (Fig. 2) . The northern one, along the Beichuan fault, is called the Qingping branch. The southern one, along the Pengguan fault, is called the Hanwang branch (Fig. 6) . A surface-rupture gap ∼4:5 km long exists between the Hongkou subsegment and the Longmen subsegment. In detail, the left-step between the Qingping branch and the Hongkou subsegment is about 1.5 km wide and 4.5 km long, and the right-step between the Hanwang branch and the Hongkou subsegment is about 9 km wide and 4.5 km long. An ∼7-km-long northweststriking fault, the Xiaoyudong fault, ruptured in the step that links the Qingping branch to the Hanwang branch at the southern end of the Pengguan fault. We interpret the Xiaoyudong fault as a lateral ramp that would link the frontal structure to the more mature system (Xu, Wen, et al., 2009) . Such a large geometric barrier probably slowed down the rupture that was propagating northward unilaterally , however, it did not stop the rupture propagation.
Both the Qingping and Hanwang branches strike 35°N 5°E. The Qingping branch and the Hanwang branch both dip toward the northwest, respectively, at 51° 14°and at 37° 5°. Both branches are interpreted to merge at depth between 10 km and 18 km, to form an imbricated stack ( fig. 4 in Hubbard and Shaw, 2009; fig. 4 in Xu, Wen, et al., 2009) . The surface ruptures along the Qingping branch mainly consist of fault-related fold scarps, simple pressure ridges, and dextral pressure ridges (Fig. 7a,b ). Measurements using a total station and the 3D laser scanner show a vertical offset of 5 m (No. 43 in Table 1 ) and a horizontal offset of 2.2 m (No. 39 in Table 1 ) at maximum, with an average vertical offset of ∼3 m and horizontal offsets of ∼1:5 m (Fig. 6) .
Along the eastern section of the Qingping branch, in Qingping, a N32°E-striking dextral pressure ridge offsets terraces of the Mianyuan River channel and the highway from Hanwang to Maoxian, with a vertical offset of 3:8 0:2 m and a right-lateral offset of ∼1:5 m (No. 48 in Table 1 , Fig. 7a ). In Gaochuan the strike of the surface-rupture zone changes to N70°E, and the vertical offset varies between 2.5 m and 3.2 m (Fig. 7b) , with a right-lateral offset of ∼1:65 m (Nos. 55-62 in Table 1 , Fig. 6 ). Hence, the Qingping branch is dominated by thrusting with a right-lateral slip component. On average, along this section vertical offsets are twice as large as the right-lateral offsets (Fig. 6) .
The Hanwang Branch. The ∼72-km-long Hanwang branch of the Pengguan fault mainly consists of simple pressure ridges, fault-related fold scarps, and pavement suprathrust scarps (Figs. 4h, 7c, d, e) . It is dominated by pure thrust faulting. At the village of Shaba (31.39811°N, 104.11836°E), we measured a maximum vertical offset of 3:5 0:2 m across a northeast-striking scarp (No. 28 in Table 2 , Fig. 6 ). To the west of this site, the surface rupture cuts through a riverbed, forming a new waterfall. There, the rupture strikes N15°E, and it cuts obliquely across a nearly north-south-trending road, forming a 2.4-m-high sinistral pressure ridge with a left-lateral slip of 2.9 m (Figs. 6, 7c, No. 29 in Table 2 ). This would be consistent with ∼5 m of crustal shortening in the northwest-southeast direction, assuming a fault strike of N45°E and a northwest dip at ∼35° (Xu, Wen, et al., 2009 ). Here we suggest that the left-lateral slip observed on the N15°E-striking scarp at the village of Shaba results from a local change in strike. Northeastward and southwestward from the village of Shaba, the surface rupture gets back to a N45°E strike with right-lateral offsets, usually less than 1 m (Fig. 6 , Table 2 ). For example, a highway (31.46156°N, 104.16639°E) along the eastern bank of the Mianyuan River, in the town of Hanwang, shows that the fault scarps have a N55°E strike and dip toward northwest with a vertical offset totaling 1:3 0:2 m (No. 37 in Table 2 ). In addition, we observed 1:5 0:2 m of shortening with 47 cm of rightlateral slip on the highway eastern bank of the Mianyuan River, Hanwang (Nos. 39 and 40 in Table 2 ). Eastward from this site, at Quanxin (31.4781944°N, 104.2035°E), the vertical offset is 0.9 m and no horizontal offset was found (No. 41 in Table 2 , Fig. 6 ). At the town of Jushui, the vertical slip decreases to 0.46 m (No. 43 in Table 2 ); eventually it becomes zero west of the town of Anchang (31.39811°N, 104.11836°E) (Fig. 6) .
Westward from the village of Shaba, toward the town of Bailu, the vertical offset is ∼1 m; at Bailu, a N45°E-striking fault-related fold scarp cuts the Laojie River, resulting in a new waterfall with vertical offset of up to 2.4 m (Fig. 7d , No. 13 in Table 2 ). The rupture zone extends westward, resulting in a 2.0-m-high, N30°E-striking fault-related fold scarp at Bailu schoolyard (No. 11 in Table 2 ) Eventually, the rupture zone becomes limited to ground fissures, and it disappears to the east of the Xiaoyudong surface-rupture zone (Fig. 6) .
Observations of pure reverse-slip along the Pengguan fault and right-lateral oblique-slip along the Beichuan fault indicate that the slip is partly partitioned (Bowman et al., 2003; King et al., 2005) between these two faults, owing to the oblique escape of the Bayan Har block to the southeast along the northeast-striking Longmen Shan thrust belt.
The Chaping and Nanba Subsegments. A ∼10-km-wide and 7-km-long right-step or releasing bend, hereafter named the Gaochuan jog, separates the Qingchuan branch along the Longmen subsegment, from the Chaping and Nanba subsegments to the east (Figs. 2, 6 ). Within the Gaochuan jog the surface ruptures are discontinuous; we could see only a few mole tracks, striking N80°E, which are limited to a few centimeters in height (at the site 31. 63100°N, 103.20608°E, No. 63 in Table 1 and Fig. 6 ). The Gaochuan jog may actually have served as a geometric barrier for rupture propagation Xu et al., 2006) . The Chaping and the Nanba subsegments strike N42° 5°E, and they dip to the northwest at 52° 17°, except for a 7-km-long section north of the town of Beichuan and a 500-m-long section at the village of Sujiayuan, where the surface ruptures are made up of southeast-dipping normal fault scarps with a dominant right-lateral component. Hence, those subsegments mainly consist of dextral pressure ridges, fault-related fold scarps, and local normal fault scarps (Fig. 8) . Here, it is worth pointing out that the slickensides, developed on the southeast-dipping normal fault planes, have a rake of 47° 22°to the west, suggesting that the ratio between the right-lateral horizontal motion and the vertical motion is close to 1. In some places, however, horizontal motion is larger than the vertical component, such as at the site north of the town of Beichuan (31.85686°N, 104.49894°E) . There, the N50°E-striking normal fault scarp cuts obliquely man-made terraces and ridges. Measurements indicate that the normal fault scarps are ∼3 m in height, while the rightlateral offset of the ridges is ∼4:2 m (Nos. 164 to 168 in Table 1 , Figs. 6, 8a) . Similarly, on the floodplain (T0) and on the lowest terrace (T1) of the Pingtong River, southwest of the town of Pintong (32.05408°N, 104.67733°E), the dextral pressure ridge cuts right-laterally through a wellmarked path, a T1/T0 riser, and a gully on the terrace T1, which are all perpendicular to the surface-rupture strand. There, the average right-lateral offset is 4:9 0:6 m, and the vertical offset is ∼3:3 m (Nos. 202 to 205 in Table 1 , Fig. 8b ). On the same floodplain (T0), 10 m southward (32.05403°N, 104.67725°E), the vertical offset of a road is only 1.45 m, but the horizontal offset is 4:9 0:2 m; this is the largest horizontal slip for the Wenchuan earthquake (Xu, Wen, Yu, et al., 2009) . To the north, the surface-rupture zone cuts the bed of the Pingtong River, forming a new 2.3-m-high waterfall (No. 215 in Table 1 ; Fig. 8c) . Similarly, on the eastern bank of the Fujiang River in the town of Nanba (32.20081°N, 104.83797°E), a ∼43°NE-striking dextral pressure ridge cuts through a northeast-flowing channel and Highway No. 105, producing a vertical offset of 1:5 0:2 m and a right-lateral offset of 2:5 0:2 m (No. 227 in Table 1 ). At the Shikan gasoline station (32.238611°N, 104.9910278°E), a N50°E-striking dextral pressure ridge, on the top of which transtensional cracks have developed, has deformed the highway and the pavement with vertical and right-lateral offsets of ∼2:4 m and ∼3 m, respectively (No. 240 in Table 1) .
From these measurements, it appears that the horizontal motion becomes larger than the vertical motion to the northeast of Beichuan (31.85686°N, 104.49894°E), in contrast to the other subsegments where the vertical offset is always dominant (Fig. 6; Table 1 ).
The Leigu bend corresponds to a restraining step between the Nanba subsegment and the Chaping subsegment (Figs. 2, 6 ). This bend is ∼6 km wide. Surface ruptures of different types that link the two subsegments are visible all through the bend. Vertical offsets along this bend range from 1 m to 5 m, while right-lateral offsets are less than 2 m (Nos. 100 to 120 in Table 1 ; Fig. 6 ). The coseismic vertical slip decreases sharply to ∼3 m between the towns of Leigu and Beichuan, along the southwestern end of the Nanba subsegment, hinting that the Leigu bend might have played a role in slowing down the northward rupture propagation.
An ∼1:1-km-wide releasing bend, 8 km northeast of the town of Nanba, steps over to the easternmost section of the Wenchuan earthquake, the Shikan section. This section is dominated by secondary right-lateral strike-slip faults, normal fault scarps, and tension cracks. The normal fault scarps, only ∼500 m long, occur at the village of Sujiayuan, near the town of Shikan, in Pingwu County (Fig. 2) . At the site (32.286972°N, 104.946194°E), the normal fault scarp is on a hillside, whose slope is controlled by a fault plane that strikes N49°E and dips to the southeast at ∼55°. A gouge about several millimeters thick has developed and visible slickenside striations have a rake of 30° 15°west (Fig. 4i,j) . This indicates that this section is dominated by right-lateral faulting. En echelon right-lateral strike-slip breaks are found at the village of Woqian (32.34719°N, 105.03392°E), Qingchuan County, where the surface ruptures cut man-made terrace risers and tree rows with a right-lateral offset of about 3.4 m (Fig. 6) . Further east, tension cracks occur on the southeastern side of the Wenchuan earthquake rupture zone, close to its easternmost end, which is concealed by the massive landslide at the village of Donghekou, Qingchuan County.
In summary, the Hongkou and the Longmen subsegments are dominated by reverse-slip faulting with only a minor right-lateral slip component. The Nanba and the Chaping subsegments are dominated by right oblique-slip faulting with comparable horizontal and vertical motion. The horizontal offset increases to the northeast.
Surface-Rupture Segmentation
Fault segmentation models stem from observations that large faults usually do not rupture along their entire length in a single earthquake (Schwartz and Coppersmith, 1984; Zhang et al., 1991) . Geometric discontinuities along faults have long been considered as barriers that can delimit individual fault segments and possibly stop the rupture propagation (Aki, 1979 (Aki, , 1989 DePolo et al., 1991; Klinger et al., 2006; Xu et al., 2006 , Klinger, 2010 .
The Gaochuan jog is a 10-km-wide and 7-km-long releasing stepover. Few surface ruptures associated with the Wenchuan earthquake have been observed across this jog. According to observations along previous earthquake ruptures in various tectonic contexts, such a large stepover could slow down or even stop a propagating rupture (Aki, 1989; Kadinsky and Barka, 1989; Dooley and McClay, 1997; Basile and Brun, 1999; Lettis et al., 2002; Duman et al., 2005; Wesnousky, 2006; Cunningham and Mann, 2007) . The Gaochuan jog did not stop the Wenchuan rupture, but rather it delineated two different parts of the fault with different styles of deformation and different slip-distributions. At the jog itself, the slip is almost zero (Fig. 6) . The southern part of the fault is broadly characterized by dominant reverse faulting with a minor horizontal contribution. The northern part has more oblique-slip with the ratio of vertical motion versus horizontal motion that is close to 1.
Hence, the Wenchuan earthquake surface ruptures along the middle section of the Longmen Shan thrust belt could be divided to the first order into a northern segment, the Beichuan segment, and a southern segment, the Yingxiu segment (Figs. 2, 6 ). The maximum vertical offset is 6:2 0:5 m along the ∼112-km-long Yingxiu segment and 6:5 0:5 m with a maximum right-lateral offset of 4:9 0:5 m along the ∼118-km-long Beichuan segment.
Some secondary smaller discontinuities can also be observed that did not affect the slip-distribution significantly. Where the northwest-striking Xiaoyudong fault with comparable left-lateral and vertical components (Table 3) branches out of the main fault, a surface-rupture gap ∼4:5 km long, along the Yingxiu segment, delineates the Hongkou subsegment and the Longmen subsegment. The lengths of the Honkou subsegment and of the Longmen subsegment are ∼45 km and 67 5 km, respectively. Similarly, the Leigu bend, an ∼6-km-wide restraining step along the Beichuan segment, limits the Chaping subsegment and the Nanba subsegment. Their lengths are respectively 22 km and 96 km.
The prominent right stepping defined by the relocated aftershock clusters (Fig. 1) , as well as the change of fault dip angle from ∼50°to ∼56°(derived from GPS and InSAR), suggest that a geometric asperity is affecting the rupture at Nanba (Shen et al., 2009) . Field observations indicate that there is a releasing bend at ∼3 km south of Nanba, whose width is less than 1 km (white arrow in Fig. 2 ). This releasing step is probably not large enough to define a subsegment boundary (Knuepfer, 1989; Cunningham and Mann, 2007) . Hence, the prominent right stepping defined by the relocated aftershock clusters may just be apparent, due to the change in dip angle and an ∼5°clockwise fault bend along strike, east of the town of Nanba.
In summary, the Wenchuan earthquake surface rupture can be divided into two segments, the Yingxiu segment and the Beichuan segment. As described earlier, they exhibit different styles of deformation. Each of these segments can, in turn, be divided into two subsegments. This is in good keeping with the seismic source inversion that models the Wenchuan rupture as a two-subevent earthquake (Nishimura and Yagi, 2008; Yagi, 2008; Du et al., 2009) . Each of these two subevents can next be decomposed into two sources, which account for spatiotemporal variations of the earthquake rupture Zhang et al., 2009) .
Hence, the rupture of the Wenchuan earthquake can be described as a cascading-rupture process that propagated from the south to the north along the middle Longmen Shan thrust belt.
Focal Fault Geometry
Using a double-difference approach, we have relocated the hypocenters for the mainshock and 2020 M ≥ 3 aftershocks, between 12 May 2008 and 5 October 2008 (Ⓔ see Table S1 in the electronic supplement to this paper). Focal mechanisms have also been determined for this dataset of aftershocks. This allows us to statistically determine the fault dip angles at different depths for different subsegments (Kao and Chen, 2000; Wu et al., 2006) . To infer the first order fault geometry, we assumed the near-surface (0 ∼ 5 km) geometry for each subsegment from the observed fault strikes and dips. Next, the geometry of the fault at different depths is determined, based on the depth and the preferred nodal plane for each focal mechanism (Ⓔ see Tables S2 and S3 in the electronic supplement to this paper), whose strikes and dips are consistent with field observations and inverted fault models derived from GPS and InSAR data (Shen et al., 2009) . The fault geometry parameters for the subsegments along the strike of the surface rupture of the Wenchuan earthquake are listed in Table 4 .
The initial epicentral location of the Wenchuan earthquake is 103.3525°E, 30.9607°N (Fig. 2) , and the focal depth is estimated to be 18.8 km . Seismic sounding profiles and receiver function inversions in and around Longmen Shan reveal the existence of an ∼3-kmthick low-velocity layer at ∼21 km depth in the crust of the Bayan Har block Song, 1994; Song and Luo, 1995; Teng et al., 2008; Liu et al., 2009) . The relocated aftershocks are mainly concentrated above this layer (Zhu et al., 2008; Chen, Liu, et al., 2009) . It is reasonable to infer that the horizontal detachment is located at ∼21 km depth (Fig. 9) . Together with the CMT earthquake mechanism (strike 229°, dip 33°, slip 141°, and depth 16 km; see the Data and Resources section), the balanced geologic cross section across the location of the Wenchuan earthquake shows that a ramp from the detachment dips at ∼16°for depths deeper than 19 km and becomes ∼33°for depths between 19 km and 13 km. Then it bifurcates upward with a dip angle of ∼58°for its northern branch and ∼44°for its southern branch. Thus, the seismogenic fault at the epicenter flattens at depth (Fig. 10a,b) . The fault dip angles at various depths inferred from aftershock focal solutions for the Hongkou subsegment and its southernmost end A (Ⓔ see Tables S2 and S3 in the electronic supplement to this paper) is consistent with a fault geometry flattening at depth (Fig. 10a,b) . Because no surface rupture was found at the southernmost end (A), we assume that the mainshock initiated on a blind thrust dipping 33°W, which roots down to the detachment at a depth of ∼21 km. The blind thrust continues eastward and upward to the ground surface to form the ruptures on the Hongkou subsegment (Figs. 2, 10b) . From the exposed scarps and excavated trenches, we measured the dip of the exposed fault to be between 57°to 76°. Northeastward the earthquake slip at depth is partitioned onto two imbricated reverse faults, the Qingping branch and the Hanwang branch of the Longmen subsegment. In general, the dip angle of the Qingping branch is steeper than that of the Hanwang branch. The fault plane of the Qingping branch dips to the northwest at ∼70°, based on field observation, and at ∼60°for a depth larger than 5 km (Fig. 10c) . The Hanwang branch dips between ∼58°and 33°northwest in the upper crust, and then merges at ∼16 km on a 27°-dipping ramp (Fig. 10c) Xu, Wen, et al., 2009) . For the Chaping subsegment, the fault plane dips northwest at ∼62°. It exists as a low-angle fault plane dipping ∼37°to the northwest for the northernmost end of the Hanwang branch (Figs. 6, 10d) . Besides the near-surface local normal fault planes at the north of the town of Beichuan and the village of Sujiayuan, the fault planes of the Nanba subsegment gradually get steeper northeastward along the strike, reaching 55 ∼ 62°for its northern most section (Fig. 10e) . At its northernmost end B, northeast of the town of Nanba (Figs. 2, 10f) , the dip angle, derived from the aftershock focal mechanisms of the strike-slip type (Table S3) , changes to ∼74°. There, no surface ruptures have been found, but aftershocks are concentrated (Fig. 2) , suggesting the presence of a blind fault, and there might be no detachment at depth (Fig. 10f) .
Discussion
The previously discussed results show that the geometry of the fault changes along strike (Fig. 10) . In the southern part, the fault dips at a relatively low angle to root in a subhorizontal detachment at ∼21 km (Fig. 10a,b,c) . To the north, where we observed a larger strike-slip component in the field, the fault appears to be steeper (Fig. 10d,e,f) . Such change in deformational style is in good agreement with the fault segmentation we derived previously: two segments separated by the Gaochuan jog, acting as a first-order geometric barrier, and four second-order subsegments (Fig. 2 ). An equivalent magnitude can be computed for each subevent to see how they contribute to the total moment release. We assume a shear modulus (μ) of 3 × 10 10 N-m, an average slip along the slickenside direction (D) of 0.5 m for both the blind thrusts at the northernmost and the southernmost ends, 3.0 m for the Hongkou subsegment, 3.5 m for the Qingping branch, 2.0 m for the Hanwang branch, 2.5 m for the Chaping subsegment, 4.2 m for the Nanba subsegment (Fig. 6) . Using formulas M 0 μAD for earthquake moment release (A: the rupture area) and M w log M 0 16:05=1:5 for moment magnitude (Hanks and Kanamori, 1979) , the inferred fault geometry, the surface-rupture segment length, and the 21 km rupture depth suggested by the lower bound of the aftershock depth range (Zhu et al., 2008; Chen, Liu, et al., 2009) , we obtain a total seismic moment release of 8:188× 10 27 dyne=cm 2 , corresponding to a mainshock of M w 7.9. This estimate agrees well with that measured by the USGS (see the Data and Resources section). Using our first-order segmentation model, the first (southern) event along the Yingxiu segment is estimated to have a seismic moment release of 5:64 × 10 27 dyne=cm 2 , equivalent to an event of M w 7.8; the second (northern) one, along the Beichuan segment is estimated to have a seismic moment release of about 2:55 × 10 27 dyne=cm 2 , equivalent to an event of M w 7.6. If we include the second-order segmentation, the subevents on the Hongkou, the Longmen, the Chaping, and the Nanba subsegments are estimated to have seismic moment releases of 1:769 × 10 27 dyne=cm 2 , 3:87 × 10 27 dyne=cm 2 , 0:350× 10 27 dyne=cm 2 , and 2:156 × 10 27 dyne=cm 2 respectively, equivalent to four subevents of M w 7.5, M w 7.7, M w 7.0, and M w 7.5. This seismic moment release distribution along the Wenchuan earthquake rupture is consistent with the spatiotemporal variation of the source mechanism determined from seismic waveform inversion (Ji and Hayes, 2008; Wang et al., 2008; Zhang et al., 2009) .
Hence, we propose that the rupture developed in a series of triggered ruptures that succeeded to break through boundaries of successive segments from south to north in a cascading fashion. This cascading-rupture pattern may also explain why the duration time of the Wenchuan earthquake reached up to 110 s Zhang et al., 2009) .
In addition, if we suppose that the slip observed on the fault plane at the surface is representative of the slip on the detachment at depth where the initial cut-off angle equals zero (Suppe, 1983; Shaw et al., 2005) , then the measured maximum vertical offset of 6:2 0:5 m generated by a 58°-dipping reverse fault at the village of Dengcaoping (No. 28 in Table 1 ) yields a fault slip of 7:3 0:6 m on the fault plane; this value represents an estimated maximum crustal shortening of 7:3 0:6 m on the Yingxiu segment. Similarly, the maximum vertical offset of 6:5 0:5 m north of Beichuan (No. 146 in Table 1 ), measured on a 60°-dipping local normal fault, corresponds to an estimated maximum crustal shortening of 7:5 0:6 m on the Beichuan segment.
Such significant crustal shortening during this earthquake, corresponding to an ∼6:5 m uplift, implies that active mountain building along the eastern margin of the Tibetan Plateau does not require lower crustal flow to sustain high topography ( Royden et al., 1997; Burchfiel et al., 2008; Royden et al., 2008) . Structural transformation from crustal Figure 9 . Idealized structural section of the Longmen Shan thrust belt along the A-B traverse in Figure 1 , across Longmen Shan, easternmost end of the Bayan Har block in the eastern Tibetan Plateau, and the Sichuan basin, northwesternmost end of the south China block. Geophysical data come from Chen et al., 1994; Song, 1994; Song and Luo, 1995; Yuan and Engorov, 2000; Teng et al., 2008; Liu et al., 2009; Zhu, 2009. shortening in the Longmen Shan to the uplift along the Longmen Shan thrust belt may be responsible for the growth of high topography along the eastern margin of the Tibetan Plateau.
Conclusions
The Wenchuan M w 7.9 earthquake occurred on the middle section of the Longmen Shan thrust belt, along the eastern border of the Tibetan Plateau. It ruptured simultaneously along two subparallel imbricated reverse faults, and it is responsible for several surface-rupture zones. The dominant ruptures correspond to reverse faulting, although the rightlateral component is locally important. The geomorphic expression of the rupture consists of simple thrust scarp, hanging-wall collapse scarp, simple pressure ridge, dextral pressure ridge, fault-related fold scarp, backthrust pressure ridge, local normal fault scarp, and pavement suprathrust scarp. The local normal scarp is formed by near-surface back-tilting of the hanging-wall at the fault tip. This kind of deformation is unusual and might not have been well documented before.
The variability of the different fault-scarp features and faulting types, along with the detailed analyses of the aftershocks and associated focal mechanisms, lead us to decompose the Wenchuan rupture into several segments. At the first order, two main segments can be defined, the 112-km-long Yingxiu segment and the 118-km-long Beichuan segment. These segments are separated by the Gaochuan jog, which is ∼10 km wide and 7 km long. Accordingly, the M w 7.9 mainshock can be decomposed in two distinct seismic sources with an M w 7.8 for the Yingxiu subevent and an M w 7.6 for the Beichuan subevent. Deformation along these two segments is different with clearly a more 1∶1 ratio between the right-lateral motion and the vertical motion to the north (the Beichiuan segment), while reverse faulting is dominant to the south (the Yingxiu segment). The Yingxiu segment can be further divided, that is, to the second order, into the Hongkou subsegment ∼45 km long and the Longmen subsegment ∼67 km long, separated by a 4.5-km-long surface-rupture gap and a northwest-striking fault. Similarly, the Beichuan segment can be subdivided into the Chaping subsegment and the Nanba subsegments, with lengths of 22 km and 96 km, respectively, separated by an ∼6-km-wide restraining bend. The rupture segmentation on different orders is consistent with a cascading rupture pattern and explains why the duration time of the Wenchuan earthquake reached up to 110 s. Such a large event, producing up to ∼6:5 m of uplift of the Longmen Shan range, advocates that crustal shortening caused by the southeastward motion of the Bayan Har block and its collision with the south China block, along the Longmen Shan thrust belt, if repeated over geological time, is probably efficient enough to produce high topography along the eastern margin of the Tibetan Plateau, with no need for an additional upward push that would be due to some lower crustal or upper mantle flow.
Data and Resources
During the aftershocks from 12 May 2008 to 5 October 2008, we used digital waveforms to determine the focal mechanisms, which were all provided by the digital seismic network of Sichuan Province and Data Backup Center for China Seismograph Network. The focal mechanisms of the relocated aftershocks were determined by means of synthetic seismogram of a point source dislocation in a plane layered medium, using the maximum amplitude ratios of the vertical component of P and S waves recorded by a regional network and can be released to the public (Ⓔ see Table S1 in the electronic supplement to this paper). The CMT earthquake mechanism is available at http://neic.usgs.gov/neis/eq_ depot/2008/eq_080512_ryan/neic_ryan_hrv.html (last accessed May 2008). The USGS measurements are available at http://neic.usgs.gov/neis/eq_depot/2008/eq_080512_ryan/ neic_ryan_cmt.html (last accessed May 2008). Other data used in this paper came from published sources listed in the references.
